The synthesis and characterisation of the Mn-based analogue of the MIL-100-framework is reported. The 5 title compound is synthesised from a methanolic solution of trimesic acid and manganese(II) nitrate in very short reaction times. During the reaction, the Mn 2+ -ions are oxidized in-situ to Mn 3+ -ions. The obtained MOF was characterised by XRPD-measurements, IR-spectroscopy, thermogravimetric measurements and sorption experiments. To have a closer look at the crystallisation occurring after the in situ metal oxidation-reaction that results in the formation of the title compound, in-situ EDXRPD-10 experiments under solvothermal conditions were carried out. These time-resolved measurements could be evaluated by two different kinetic models (by Avrami and Gualtieri) for crystallisation. The results indicate a two stage reaction process, which are dominated by different reaction mechanisms. 65 Although this trimeric unit of the MIL-100 topology is known for manganese as a mixed valent cluster of two Mn 3+ -and one Mn 2+ions 25 , it has not been observed in the chemistry of MOFs yet. To the best of our knowledge, no MOF has been reported up to now
Introduction
In the field of porous materials, metal-organic frameworks 15 (MOFs) represent a rather young but still rapidly growing class of compounds. 1 These materials are in general based on metal ions or cationic metal-oxo-clusters which are connected via anionic organic moieties, mostly carboxylate or phosphonate but also sulfonate or imidazolate ions. The metal-organic materials often 20 exhibit highly desirable properties. Thus, large specific surface areas as well as unique sorption properties were reported. 2 In some cases flexible framework structures or chemically specific sorption behaviour can be observed. 3, 4 Among the large variety of metal-organic frameworks, a 25 remarkable number of compounds is based on the trimeric building unit {M(III) 3 O(OH)(O 2 C-R) 6 (H 2 O) 2 } shown in Fig. 1 . 5 This cluster has been known for a very long time, but the chemistry of MOFs shed a new light on its properties. Especially the compounds known as MIL-88 3 (MIL stands for Materiaux de 30 l'Institute Lavoisier), MIL-100 6 and MIL-101 7 , which are all based on this building unit, must be mentioned in this context. The materials known as M(III)-MIL-100 or M(III)-MIL-101 (M(III) designates the trivalent metal ion that forms the cluster) exhibit permanent porosity with specific surface areas above S BET 35 = 2000 m 2 /g and pore volumes up to 2 cm 3 /g. Furthermore, the MOFs of the MIL-100-series [M(III)(µ 3 -O)(OH)(H 2 O) 2 (BTC) 2 ] (BTC = 1,3,5-benzenetricarboxylate) possess an outstanding thermal as well as chemical stability. MIL-100 could be obtained up to now with the metal ions V 3+ , 8 Cr 3+ , 6 Fe 3+ , 9 Al 3+ , 10 and 40 Sc 3+11 , therefore giving an excellent example for isoreticular metal-organic frameworks. 12 Besides the mentioned, desirable properties, the main interest in these materials originates from the coordination chemistry of the trimeric building unit. Since the charge of the cations is compensated by the µ 3 -oxide-ion, six 45 carboxylate groups and one hydroxide ion, the weakly bond water molecules that complete the octahedral coordination geometry can be easily removed. 13 In this way, coordinatively unsaturated sites (cus) can be created inside the framework. These are available for coordination by other ligands 14, 15, 16, 17 or catalytic 50 transformations. 9, 18, 19 
Fig. 1:
The trimeric building unit observed in several MOFs based on Sc 3+ , V 3+ , Cr 3+ , Fe 3+ or Al 3+ . M(III) atoms in grey, oxygen atoms in red, carbon atoms in black. 55 Fe-ML-100 for example has been proven to be a versatile Lewisacidic catalyst. 9 Furthermore, the trimeric cluster based on Fe 3+ can be partially reduced to a mixed valency, which increases the number of cus. 20 After this post-synthetic modification, the MOF was successfully used for the separation of propane and propene. 60 Furthermore it was successfully employed in the selective removal of N-heterocyclic aromatics from fuel feeds. 21 Moreover, Fe-MIL-100 can be synthesised at very large scale, 22 which makes it also a candidate for potential applications as water adsorbent. 23, 24 based on inorganic nodes built up from Mn 3+ and carboxylate ions, although Mn 3+ was incorporated as part of the metal-organic linker molecule. 26, 27 Herein, we report the synthesis of the Mnbased analogue of the MIL-100 structure that could be obtained using Mn(II)nitrate as the metal source. The divalent ions are 5 oxidized in-situ in methanolic solution. The Mn-MIL-100 was fully characterised by TG-measurements, X-ray powder diffraction (XRPD), IR-spectroscopy and sorption experiments. To elucidate the crystallisation mechanism that comprises the oxidation step, time dependent EDXRPD-data (energy dispersive 10 X-ray powder diffraction) under solvothermal conditions was recorded at the DESY-Synchrotron source in Hamburg. The evaluation of the data was conducted using two different kinetic models.
Experimental

15
Materials
Methanol and ethanol (BASF, purum), trimesic acid (H 3 BTC, 1,3,5-benzenetricarboxylic acid) (Sigma) and Mn(NO 3 ) 2 ·4H 2 O are commercially available and were used as obtained.
Synthesis
20
Mn-MIL-100 (1) can be synthesised from a mixture of 400 mg trimesic acid (1.9 mmol) in 18 ml methanol and 2 ml of a 1 M Mn(NO 3 ) 2 ·4H 2 O solution in methanol (2 mmol). The clear reaction solution was heated for 45 min at 125 °C under stirring in a closed glass reactor (V = 100 mL). After filtration, the 25 obtained brown powder is redispersed in ethanol and filtered again. This final product is slightly sensitive to air exposure, but the crystallinity is retained for several hours and therefore it can be handled under non-inert conditions. It is noteworthy that the quality of the XRPD patterns, especially the relative intensities up 30 to 5°(2theta), depends strongly on the amount of solvent molecules present in the pores.
Characterisation
The XRPD data was recorded on a Panalytical Xpert diffractometer in reflection geometry (Cu-K α1 -radiation). 35 Temperature dependent XRPD data was collected on STOE Stadi P diffractometer equipped with an IPPSD detector under air in capillaries. MIR spectra were recorded on an ATI Matheson Genesis spectrometer in the spectral range of 4000-400 cm -1 using the KBr disk method. Thermogravimetric experiments were 40 carried out under air on a NETZSCH-STA-409 CD thermal analyzer with a heating rate of 4 K/min. The sample was heated in an Al 2 O 3 crucible under a flow of air (25 ml/min) and the data was corrected for buoyancy and current effects. Sorption experiments were performed with a BELSORP Max from Bel 45 Japan. INC.
Results and Discussion
Structure
The structure of MIL-100 is based on the connection of the 50 trimeric building units via trimesate anions (BTC). The inorganic bricks represent the corners of a so-called supertetrahedron (ST) and are connected by the tricarboxylate ions, which represent the faces of the tetrahedron. The resulting framework corresponds to the zeotypic MTN-55 network, in which the supertetrahedra replace the tetrahedral nodes. This framework exhibits two kinds of very large pores with a diameter of 25 Å and 29 Å respectively. 6 While the smaller cavity exhibits only pentagonal windows, the larger one also possesses hexagonal apertures. The structure of 1 is very similar to the framework of the Cr-MIL-100, as proven by XRPD ( Fig. 3 ). S17 ) and the differences in relative intensities are mainly due to the occluded solvent molecules. Depending on the amount and kind of solvent occluded inside the pores, the 5 relative intensity of the reflections may strongly vary. The framework structure is stable in methanol as well as in ethanol. Upon solvent exchange with water, the crystallinity decreases substantially. The complete removal of the methanol and ethanol from the pores by heating or by heating under vacuum (0.1 mbar) 10 results in an amorphization, while solvent removal under vacuum at room temperature retains the crystallinity (Fig. S1 ).
Properties 15 The TG-measurements in air indicate, that Mn-MIL-100 decomposes above 400°C in air ( Fig. 4 ). 20 The as synthesised (as) material ( Fig. 4 , black curve) shows a rapid loss of solvent starting with methanol removal at 40 °C and H 2 O above 75 °C. The well defined step at 240 °C, which we attribute to some residual acid (see also IR-spectrum, Fig. S3 ), can be easily removed by washing in ethanol. The curve for the 25 washed material 1 in red shows a similar stepwise removal of ethanol followed by dehydration. 6 ]. 28 However, we were not able to unambiguously identify the oxidation state of the Mn-ions (Fig.  S18, S19 ). Temperature dependent XRPD-measurements confirm the amorphization upon solvent removal at elevated temperatures. 40 The decrease in the crystallinity starts already at 120 °C, indicated by peak broadening and lowering of the intensities. The amorphization is completed at 200 °C.
The thermally activated amorphous as well as the vacuum treated crystalline material were characterised regarding their sorption 45 behaviour. In both cases a remarkable porosity was observed ( Fig. S2 and Fig. 6 , respectively). The capacity of the thermally activated materials (0.1 mbar, 4.5 h, 140 °C) strongly depends on the solvent treatment procedure. The micropore volumes were determined from the amount adsorbed at p/p 0 = 0.5. Starting from 50 the as-material (S BET = 1330 m 2 /g, V Mic = 0.59 cm 3 /g), the porosity is increased by activation in ethanol (S BET = 1410 m 2 /g, V Mic = 0.63 cm 3 /g). If the ethanol-washed Mn-MIL-100 is redispersed again in methanol, the exchange with the more volatile solvent further increases the porosity (S BET = 1610 m 2 /g, 55 V Mic = 0.73 cm 3 /g). Due to the amorphization of Mn-MIL-100 upon thermal solvent removal, the exact structure must be considered as unknown, but Activation at room temperature at p = 0.1 mbar results in the preservation of the crystallinity (Fig. S1 ). This is probably due to the weakly bound solvent molecules at the trimeric unit that are not removed under vacuum at room temperature, while the thermal treatment generates reactive cus, which destabilise the 5 framework. The specific surface areas of the ethanol washed, vacuum-treated MOF is 1540 m 2 /g and its micropore volume is 0.67 cm 3 /g. However, the MOF activated in vacuum at room temperature as well as the compound that was thermally activated decompose within few hours after re-exposure to air and lose 10 their porosity.
Reaction Mechanism
To the best of our knowledge, the in-situ formation of Mn 3+ ions 15 by oxidation of Mn 2+ ions in the synthesis of MOFs has not been described previously. Therefore, the reaction conditions were investigated in detail. The crucial role can be attributed to the use of Mn(NO 3 ) 2 ·4H 2 O. Employing the chloride or the acetate of Mn(II) under otherwise identical reaction conditions, we were not 20 able to observe any oxidized Mn-species. The direct use of the trivalent acetate did also not lead to the formation of 1. Furthermore, the oxidation is independent of the atmosphere in the reactor. Purging the solution with argon followed by sealing of the reactor under inert conditions did not affect the product 25 formation. The use of other organic acids like nitroterephthalic acid or pyridine-dicarboxylic acid also led to the oxidation of Mn(II), but no crystalline products could be obtained yet. A similar result was observed when the solvent was changed from methanol to another solvent. Above certain temperatures, the 30 oxidation of the Mn(II) was also observed in ethanol or water employing manganese nitrate, but no Mn-MIL-100 was obtained. In contrast to this, we did not observe any oxidation in N,N-dimethylformamide as the solvent. Based on standard potentials, the oxidation of methanol by Mn 3+ ions is expected, 35 but the described solvothermal system seems to be unique in its ability to "capture" and stabilize the Mn(III) in its trivalent state, prior to the formation of 1.
The rather short reaction time (45 min) that leads to the formation of Mn-MIL-100 makes it a perfectly suitable system for a kinetic 40 evaluation of the crystallization process using synchrotron radiation. 30 While the synthesis of hybrid compounds often takes days, in this case the crystallisation already starts after ten minutes, as observed by clouding of the reactant solution. Thus, in-situ energy-dispersive XRPD measurements were carried out 45 at the beamline F3 of the HASYLAB at DESY (Hamburg, Germany). The set-up that was used for the EDXRPD measurements allowed us to incorporate a microwave-oven into the beam as recently described by our group. 31 Polychromatic white synchrotron light is used and the energy of the diffracted 50 X-rays is recorded under a constant detector angle by a Gedetector. The reactions were carried out in small vials (V Max = 5 mL, filling degree 3 mL) using a Biotage Initiator MW-oven. Time-dependent EDXRPD patterns were recorded at three different temperatures (125°C, 135°C and 145°C) with a time 55 resolution of 30 seconds. A typical set of spectra is shown in Figure 7 .
The integration of the peak area corresponds to the reaction progress α, and was used in its normalized form to study the kinetics of crystallisation. In this study the peak corresponding to 60 the 113 reflection, which is the one with the highest intensity, was chosen. The plot of the reaction progress for the different temperatures is shown in Fig. 8 . Useful information can be directly extracted from these plots. The induction time (t ind ), which is the period during which no crystalline products are observed, is shortened for the synthesis at higher temperatures (at 125 °C: 12 minutes,; at 135 °C: 4.5 minutes; at 145 °C: 3 minutes). Furthermore, the reaction is 75 completed after shorter times at higher temperatures. While the crystallisation is finished after 30 minutes at 145 °C, the reaction is slowed down at 135 °C (75 minutes) and 125 °C (120 minutes). Further information can be gained by careful evaluation of the data. Two models are commonly employed to evaluate the 80 crystallisation. The most frequently used method is the Sharp-Hancock analysis. 32 According to this model, the plot of ln[-ln(1α)] over ln(t Red ) yields a straight line with the slope m and the intercept mln(k). Here, t Red = t-t ind and m is the Avrami exponent, which gives information about the reaction mechanism. In the case of Mn-MIL-100, plotting ln[-ln(1-α)] vs. ln(t Red ) leads to two linear sections with different slopes (Fig. S4-S9) . Thus, two dominating mechanisms are taking place during the crystallisation of Mn-MIL-100, which was already reported in other studies. 33 Therefore, the Sharp-Hancock analysis was 5 carried out for both linear sections. The final values are summarized in Tab. 1. (17)) that during the first minutes, the crystallisation mechanism is controlled by nucleation (theory, m = 2). During 15 the second period of the reaction Avrami exponents are in the range of 0.90(4) to 1.009 (8) , which are characteristic for a first order reaction mechanism. This could be due to the in-situ generation of Mn 3+ ions, which should then be the rate limiting step. Thus, the Sharp-Hancock model shows that the reaction can 20 be separated in two parts that are dominated by different crystallisation mechanisms.
The second, recently more often used model to evaluate the extent of crystallisation is the Gualtieri method. 34 This model takes into account, that the nucleation and the crystal growth are 25 two separate processes, represented in equation 1.
The reaction extent or progress α is the same as in the Sharp-Hancock model, t is the time, k g is the rate constant for the crystal growth, a = 1/k n , the reciprocal rate constant of the nucleation, b 30 is a constant also related to nucleation and n is the dimensionality of the crystal growth. Since previous measurements for isoreticular compounds have shown that the crystals of MIL-100 are mostly octahedral, 10 the dimensionality of the crystal growth was set to n = 3. The results 35 of the fits are shown in Fig. 9 , S10, S11 and the parameters are summarized in Table 2 . Fig. 9 Gualtieri-fit for the normalised data measured at 125 °C. The rate constants for nucleation and growth increase with temperature. Moreover, the values are in the same order of magnitude as the ones obtained from the Sharp-Hancock model. 45 In comparison with the results of crystallisation studies on other hybrid compounds 35, 36, 37, 38 as well as inorganic materials 39, 40, 41, 42 the rate constants and coefficients are not drastically different. Thus the in situ oxidation of Mn 2+ does not result in uncommon crystallisation kinetics. 50 The constants that are determined by the Gualtieri-method can be used to calculate the probability of nucleation P N which is The plot of probability of nucleation versus time shows, that an increasing temperature leads to a faster nucleation with an earlier 55 maximum, while the later times of the reaction are dominated by crystal growth and the probability of nucleation becomes almost negligible ( Fig. 10) . The Arrhenius activation energy for the reaction can be obtained for both reaction steps by plotting ln(k) vs 1/T ( Fig. S12-S15) . These values are summarised in Tab. 3. 43 ). 10 
Conclusions
The accessibility of a Mn(III)-based MOF exhibiting permanent porosity has been demonstrated in this study. Since the structure of Mn-MIL-100 is composed of trimeric units of corner-sharing octahedra {Mn 3 (µ 3 -O)(H 2 O) 3 (O 2 C-R) 6 } the formation of other 15 MOFs which are also based on this inorganic building units could be possible.
